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ABSTRACT 

Experimental data, together with supporting analysis, are presented 
on the power conversion performance and blade loading of large, 
horizontal -ax Is wind turbines tested at electric utility sites In 
the U.S. Four turbine rotor configurations, from 28 to 61 meters In 
diameter, and data from five test sites are Included. Performance 
data are presented In the form of graphs of power and system effi- 
ciency versus free-stream wind speed. Deviations from theoretical 
performance are analyzed statistically. Power conversion efficiency 
averaged 0.34 for all tests combined, compared with 0.31 predicted. 
Round blade tips appeared to Improve performance significantly. 
Cyclic blade loads were normalized to develop load factors which can 
be used In the design of rotors with rigid hubs. 


INTRODUCTION 

This paper presents experimental data and supporting analysis of the 
power conversion performance and blade loading of large, horizontal- 
axis wind turbines tested at electric utility sites In the U.S. 

These tests were conducted by the National Aeronautics and Space 
Administration (NASA) as part of the federal wind energy program 
administered by the Department of Energy (DOE). The principal 
objectives of this work are (1) to provide performance and load test 
data for wind turbine design, (2) to evaluate the PR0P-L2 computer 
program for predicting the efficiency of propel ler-type wind 
turbines, and (3) to examine a proposed energy method for testing 
wind turbine system performance. 

Data from tests of four turbine rotor configurations are analyzed In 
this paper. Thu airfoil shapes and dimensions of each configuration 
are listed In Table I, and their planforms are Illustrated In Figure 
1. The rotors studied had two blades each and ranged In diameter 
from 28 to 61 meters. Thickness-to-chord ratios at 75 percent of 
span varied from 0.156 to 0.240. Two NACA airfoils and four skin 
materials were tested. One configuration had semi-circular blade 
tips. Blades In the other three configurations had square tips. 

As shown in Table II, test data have been grouped according to the 
configuration of the rotor and the turbine shaft speed Into six test 
series. Each of these series Is a combination of several data 
records, one to six hours long, which were selected to represent a 
variety of operating conditions. 
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Data on test Installations are also given In Table II. Rotor 
configurations 1, 2» and 3 were tested on Mod-OA machines, while 
configuration 4 was tested on the larger Mod-1 system (ref. 1). 

These experimental wind turbines are of the “first generation" type 
(ref. 2), with the following design characteristics In common: Two 
blades, fully pitchable for power control; rotor hub rigidly 
attached to the turbine shaft; turbine rotor located downwind of a 
stiff truss tower; parallel-axis gearbox with a single speed ratio; 
synchronous AC generator; and active yaw control. 

Preliminary performance and load data measured on the Mod-OA and 
Mod-1 systems were presented In References 3 to 8. The data 
contained In this paper significantly extend those reported earlier, 
by Including additional rotor configurations and wind turbine test 
Installations, moderately long operating periods and additional 
statistical analysis. Therefore, the performance and load data 
presented here can be regarded as typical of the first generation of 
large, horizontal -axis wind turbines. 


PROCEDURE 

Test Installation and Data 


Details of the DOE/NASA wind turbine test Installations, Instru- 
mentation, and data acquisition system have been presented pre- 
viously (ref. 9 and 10, for example), so only a brief discussion 
will be given here. Figure 2 illustrates the test installation at 
Clayton, New Mexico, which Is typical of all the installations 
listed In Table II. At each test site, an auxiliary anemometer 
tower Is located several rotor diameters from the turbine tower, in 
the direction of the prevailing wind. Signals from a variety of 
transducers located throughout the test system are recorded on 
analog tape, digitized, and then processed to produce statistical 
Information and graphical displays. Data are recorded automatically 
during normal operation of the wind turbine generator as a 
powerplant on the electric utility system. 

The four parameters of specific Interest In this study of turbine 
performance and loads are as follows: 

1. Free-stream wind speed at hub elevation, Vn, measured by an 
anemometer on the auxiliary tower at the elevation of the 
turbine axis (Station 0, fig. 2). Averaging time was selected 
as 30 seconds and the anemometer length constant was 1.5 
meters. Wind data were purposely limited to measurements from a 
single anemometer, because one free-stream anemometer Is often 
all that is available. 

2. Output electrical power, P3, measured at the generator 
terminals (Station 3, fig. 2). 
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3. Two components of cyclic bending load on the blade root, 6My 
and 1SM2. Cyclic load Is a typical measure of fatigue loading 
and Is calculated for each turbine revolution as follows: 

Flatwise (out-of-plane): » 0*5(My,niax-My,niin)l Oa) 

and 

Chordwise (In-plane): 6M2J = 0.5(M2,max-M2,m1n)l Ob) 

In which 1 Is the rotor revolution number and max and min 
designate the extreme values of the load measured during that 
revolution. 

Theoretical Output Power 


Theoretical turbine power, as a function of free-stream wind speed, 
was calculated by means of a modified version of the commonly-used 
PROP FORTRAN computer program (ref. 11), designated as PR0P-L2. 
Recent tests on wind turbine rotors in the stalled condition (ref. 
12) Indicated the need for Improved aerodynamic modeling In the 
basic PROP program. In the PR0P-L2 version, aerodynamic losses at 
square tips are Included within the blade-element algorithms by 
Introducing the following two modifications: 

1. Correcting reference lift and drag curves for planform aspect 
ratio (refs. 12 and 13). 

2. Using “smooth" airfoil properties. Instead of “rough" or 
“half-rough," as In previous studies (ref. 8, for example). 

A comparable theory for the aerodynamic losses at rounded blade tips 
has not yet been developed. Therefore, test data for configuration 
3R, with semi-circular tips, are compared with theoretical calcu- 
lations for square-tipped blades, to Identify differences which may 
be attributable to tip shape. 

In addition to the PR0P-L2 computer program for turb1*ne power, a 
model for losses In the power train Is required before generator 
output can be predicted. A general power-train loss model which was 
developed for this study Is as follows: 

P23 n P3-P2 = “(b+s)P2 (2) 

In which 

P23 power-train loss, kW 

P2, P3 turbine and generator output power, respectively, kW 

P3^^ rated output power, kW 
a,b empirical constants 
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s 


slip ratio 

For the Mod-OA power trains, a Is 0.055, b Is 0.040, and s Is 

0.025. For the Mod-1 system, a Is 0.027, b Is 0.0S9, and s Is zero. 


Energy Method for Evaluating Performance 

The performance of the w1nd-turb1ne-generator system can be 
evaluated by measuring either Its power conversion efficiency or Its 
energy conversion efficiency. Previous studies have used power as 
the primary performance parameter, with energy (and particularly 
annual output energy) as a derived parameter. Data have generally 
been statistically analyzed by the “method of b1ns“ (refs. 8 and 
14). An alternative method. has been developed for this study. In 
which energy Is the primary parameter, power Is a derived par^eter, 
and the required amount of statistical analysis Is greatly reduced 
or eliminated. 


The energy method for evaluating the performance of. wind turbine 
systems appears to offer advantages of simplicity and repeatiblllty, 
compared with the method of bins. Also, evaluation of theoretical 
methods for predicting performance may be more relevant to operation 
when comparisons are made on the basis of energy capture rather than 
Instantaneous power. A committee of the American Society of 
Mechanical Engineers 1s now evaluating the energy method as a basis 
for a performance test code for wind turbine generators. 

To apply the energy method, the following steps are performed: 

1. Divide the test period Into time Increments, At. Each time 
Increment should be 5 to 10 times as long as the longest wind 
transit time from the free-stream anemometer to the turbine 
(fig. 2). Time Increments of this length reduce time 
correlation errors but still permit comparison of test data with 
steady-state theoretical power curves. In this study time 
increments were 10 minutes long. 


2. During each time Increment measure the time history of the 
free-stream wind speed at the turbine midline elevation, 
Vn(t). Calculate the mean wind speed, Vq, the Increment In 
wind energy flux, Agq, and the mean wind power flux, Pq, for 
each time Increment, as follows: 



(3a) 

(3b) 


and 


Po = Aeo/At 


W/m2 


(3c) 
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3. For each time Increment measure the corresponding Increment In 
electrical output energy, AE 3 . Calculate Increments In 
output energy flux, Ae 3 , mean output power, P 3 , and the 
mean output power flux, P 3 , as follows: 

Ae 3 = AE 3 /A , W-s/m2 

P 3 = AE 3 /At ., W 

and 

P3 “ P 3 /A ♦ W/m2 


In which A Is the area of the surface swept by the turbine 
rotor, as projected on a vertical plane. 

4. For each time Increment, calculate the system energy conversion 
efficiency, as follows: 


(4a) 

(4b) 

(4c) 


tl 3 « Ae 3 /Aeo » P 3 /P 0 (5) 

5. Evaluate system performance by means of data from steps 2 to 
4. Evaluation may be based on any or all of the following: 

(a) Power curves, such as P 3 and P 3 versus Vq, (b) 
efficiency curves, such as ri 3 versus Vq, and (c) 
statistical analysis of deviations from available theory. 


RESULTS AND DISCUSSION 
Power Conversion Performance 


Performance test results for each of the four rotor configurations 
described In Table I are presented in the following three formats: 

First, Figures 3 to 6 show graphically the variation of output power 
and system efficiency with wind speed for each configuration. 
Secondly, summaries of test conditions, measured mean power and 
efficiency, and theoretical mean power and efficiency are listed In 
Table III. Finally, Table IV contains the results of a statistical 
analysis of deviations between the test data and theoretical 
performance. 

The test series during which performance data were taken are those 
listed In Table II as series 1.1, 2.1, 3.1R, and 4.1. Only blade 
load data from test series 1.2 and 2.2 are Included In this study. 
Performance test runs were selected to emphasize wind conditions 
below rated, for which efficiency data are most significant. 

However, no attempt was made to select periods of steady wind. 
Instead, the variability of the wind power source was Included so 
that these data would be typical of automatic, unattended wind 
turbine operations In below-rated winds. In all cases, the 
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experimental wind turbine was the only wind power unit on the test 
site. 

Figures 3 to 6 present comparisons between theoretical and 
experimental performance. The theoretical power curves are for 
“sHe standard" conditions, In which air density Is equal to the 
U.S.' Standard Atmosphere density for the site altitude. Test data 
were also adjusted to site standard conditions, with the exception 
of test series 2.1. Atmospheric pressure data were not available 
for this test series. Each data point represents average per- 
formance during a 10-m1nute period of operation under automatic 
control . 

While some qualitative comparisons between theory and experiment can 
be made from these figures, the amount of scatter Is such that 
statistical analysis Is required. This scatter is typical of tests 
on large wind turbines and Indicates that wind conditions over the 
turbine swept area and those sampled by the free-stream anemometer 
were not completely correlated. As expected, scatter of the effi- 
ciency data Is greater than that of the power data, because wind 
speed correlation errors are amplified when the speed Is cubed to 
calculate wind power flux. 

Another commonly observed phenomenon Is shown clearly in Figure 4(a) 
by the data at the transition from below-rated to above-rated wind 
speeds. Data In this region usually fall below the theoretical 
"corner", because average power Is always lowered whenever the power 
control system Is active. Nevertheless, Inspection of Figures 3 to 
6 Indicate that (1) zero-power or cut-in wind speeds were predicted 
within 0.5 meter per second, (2) slopes of the theoretical power 
curves were in general agreement with the test data, (3) test data 
points for configuration 3R (the 14 meter wood/composite blades with 
semi-circular tips) almost always exceeded theoretical performance, 
and (4) test data verified the predicted highest efficiency of rotor 
configuration 4. 

Table III summarizes the results of these four series of performance 
tests In quantitative terms. For example, test series 1.1 was 
composed of data records totaling 11 hours In length, with a mean 
wind speed of 7.7 meters per second, equivalent to a mean tip speed 
ratio of 10.5. During this period, the mean wind power flux at the 
turbine hub elevation was 270 Watts per square meter. Mean 
electrical output power flux was measured at 90 Watts per square 
meter. This Indicates an average system efficiency of 0.33, the 
same as the theoretical value. Similarly, during test series 2.1, 
the mean power conversion efficiency was equal to the theoretical 
efficiency. 

The semi-circular tips on the blades in configuration 3R appear to 
have increased the performance of these airfoils significantly, 
compared to predictions for the same blades with square tips. Based 
on the results of test series 1.1 and 2.1, the mean efficiency of 
rotor configuration 3 with square tips would not be expected to 


exceed 0.26. However, with semi-circular tips this rotor con- 
figuration operated with a mean efficiency of 0.32. This Indicates 
an Improvement of more than 20 percent In energy production during 
operation below rated power. To verify this Improvement, tests of 
configuration 3 blades with square tips are planned. This amount of 
Improvement, however, may be limited to low aspect ratio blades. 
Further tests are required to evaluate the effects of tip shape on 
the performance of blades with higher aspect ratios. 

If the results of all four series of performance tests are combined 
by weighted averaging Into one data set as shown In the last line of 
Table III, this set would represent a sample of current experience 
with large, first-generation, propeller-type rotors. Including the 
effects of different tips and site roughnesses, an overall 
efficiency of 0.34 has been achieved In predominantly below-rated 
winds. This compares very well with a theoretical power conversion 
efficiency of 0.31 for the same wind conditions. 

Statistical analysis of deviations between the performance test 
results and predictions made using the PR0P-L2 computer program are 
summarized In Table IV. The mean deviation of the samples from the 
common base of the theory shows a performance advantage of more than 
9 percent of rated power for configuration 3R over the composite 
performance of the three other configurations. This difference In 
performance has been attributed to the difference In tip shape 
although this has yet to be verified. Standard deviations for the 
four test series are remarkably consistent at 5 to 6 percent of 
rated power. This Indicates that the scatter observed In Figures 3 
to 6 is repeatable and acceptable for purposes of performance 
evaluation. 

By analyzing deviations between test and theory, the theoretical 
power curve can be adjusted to serve as a lower bound on predicted 
performance. The size of the adjustment depends on the desired 
confidence in the predicted lower bound. Standard statistical 
analysis methods can be used to calculate the adjustment, as 
discussed In Reference 8. As shown In the last column of Table IV, 
if the predicted mean power flux of a rotor with square tips Is 
reduced by 3 Watts per square meter, there Is a 0.999 confidence 
level that the mean power during long-term tests will not be less 
than this reduced value. For blades like those of configuration 3R, 
with semi-circular tips, an Increase In the theoretical power flux 
of 26 Watts per square meter Is consistent with a 0.999 lower bound 
on mean performance. However, additional tests are required to 
support this latter conclusion. 

To summarize the results of the performance testing In this study, 
the wind turbine generators converted about one-third of the 
Incident wind energy to electricity, the PR0P-L2 computer program 
was verified as a performance prediction method, and lower bounds on 
performance were estimated. 
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Blade Bending Load Data 

Dynamic loads sustained by rotor blades on large. 
wind turbines were measured during aH six test series 
Table II. The load data obtained are typical 

wind turbines, which are characterized by rigid hubs, rotors located 
downwind of truss towers. and full"Span pitch controls. Load test 
Sts a?e shown irFIglr^ 7(a) to 7(d) In the form of cumulat ye 
probability distributions useful for fatigue life analysis. Cyclic 
flatwise and cyclic chordwise load components are given f°r each 
test series. Component directions are referred to the chord line of 
the airfoil section at 75 percent of span. This chord 
nominally In the plane of rotation during operation winds of 
below-rated speed. All loads were measured In the root aj^as of the 
rotor blades, at radial distances between 5 and 10 percent of the 

blade span. 

As shown by the straight lines fitted to the test data, cyclic loads 
were found to have log-normal probability distributions within each 
test series. The slopes of the curve-fit lines are proportional to 
the log-standard deviations of the data. Steeper slopes n>ay e 
attributed to larger variations In wind speed, wind shear, and 
turbulence during the test series. 

Table V summarizes the significant results of this experimental 
studv of blade bending loads. In addition to information on test 
du?I?1on aSS 5Han wind speed, cyclic flatwise '^’1= . . 
chordwise bending loads are listed for two percentiles of Interest. 

50 and 99.9. The 50th percentile load Is useful for calibrating 
theoretical load prediction methods which may not Include turbulent 
i?nds aid ope?atlSg transients (ref. 15). However, the yalue of the 
50th percentile load for purposes of fatigue life analysis Is ^all 
because fatigue damage cannot be tolerated at i^JIs percentile load 
in a long-life design. Of more use In life p^dlction is the 99.9th 
percentile load. A design fatigue life of 10^ cycles or more Is 
often required at this load level. Operating load limits for 
several of the rotor configurations tested In this study were set at 
predicted 99.9th percentile levels. 

The rwriir load data In Table V have been normalized to remove 
I5?fe^CncCs in scClC. In order to derive general load factors useful 
for l^TgV. A Convenient reference 

was found to be the difference between the theoretical steady 
aerodynamic flatwise bending load at rated wind speed and 
ChCzeCC^pCwer (cut-in) wind speed. The reference for chordwise 
loads was^the gravity bending moment measured with the blade 
hCnLCtal. All reference loads were determined for the radial 
stations at which the cyclic load: were measured. Load factors were 
calculated by dividing test loads by the reference loads for the 
test series. 

Variations In flatwise cyclic load factors among the six test series 
were relatively small, considering the wide variation In rotor 
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the assumption that the 

selected reference load contains the key parameters aovornlno cyclic 

tL? frlS ^SSllesrfSr’^^^ 

test series l.P which had the lowest moan wind speed and was 
conducted at a location with low terrain rouc|hnoss (Table II)» tow 

Larqor^llatwisD^iQSId^^f^ Produces low average wind turbulonL. 
Larger flatwise load factors generally correlated with hloher wind 

speeds and locations with rougher terrain. Averaging the flatwise 
load test results for the six series gives factors of 0,?4 and 0 73 
for the SOth and 99.9th percentile cyclic loads, respectively. 

factors averaged 1.11 and 1.46 for the SOth 
percentile loads, respectively. While It Is convenient 
aSL??w reference chordwise loads to the dominant 

gravity load, the components of these load factors In excess of 1 oo 
SuJ I?''!*’ correlate with flatwise cyclic he!!dl!i 9 f ra?l,eJ 
than With blade mass properties (ref. 15). Again, variations In 

3^? factors were small for each percentile, although the 
magn1tude°*^^'"^^^^ cyclic loads varied by more than an order of 

choPJ7beSj?S? :?t1™.IL'5V^2r^ 

l!^?I“Sce glSeh^riSble'??®' »"<' 

CONCLUSIONS 

This study has provided a set of test data on the power conversion 
performance and dynamic blade loading typical of first-generation, 
horizontal -axis wind turbine generators. The following conclusions 
are drawn from analysis of these test datai 

1. The mean power conversion performance of four test rotor 

equaled or exceeded system efficiencies as 
predicted by means of the PR0P-L2 computer program. 

operation 1n primarily below- 

rated winds, the composite system efficiency of the four rotor 
configurations was 0.34, which compares favorably with a 
theoretical efficiency of 0.31 for the measured wind 
conditions. 

analyzing performance test data 
provided a practical solution to problems presented by wind 

Results were found to 

be repeatable for a variety of test rotors and test 
Installations. 

4. Blade cyclic load spectra exhibited log-normal distributions 
In all cases studied. 
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5, Load factors and raforence loads have been derived with which 
blade fatigue loads can be estimated for design purposes. 


UNIT CONVERSION FACTORS 

1 m » 3.28 ft 1 rad/s « 9.55 rpm 

1 m2 » 10.76 ft2 1 kN-m, = 738 Ib-ft , 

1 m/s “ 2.24 mph 1 kg/m3 « 0.00197 slug/ft3 
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ORIGINAL PAQB IS 
OF POOR QUALITY 


TABLE I 

AIRFOIL GEOMETRY OF WIND T'IRBINE ROTOR CONFIGURATIONS 


Spanwise 

coordinate 

Chord 

m 

Thickness 

to 

chord 

ratio 

Twist 

(towards 

feather) 

dea 

Skin 

material 

m 

percent 

(a) Configuration 1 (NACA.^000 series airfoil coned 7 deg) 

1.22 

6 

1.37 

0.440 

31.7 

Aluminum 

2.86 

15 

1.37 

0.372 

21.7 

Aluminum 

4.76 

25 

1.37 

0.291 

14.0 

Aluminum 

5.72 

30 

1.31 

0.250 

11.3 

Aluminum 

9*53 

50 

1.06 

0.212 

4.0 

Aluminum 

14.29 

75 

0.76 

0.165 

0 

Aluminum 

19.05 

100 

0.46 

0.120 

-2.0 

Aluminum 


(b) Configuration 2 (NACA 23000 series airfoil coned 7 deg) 


4.27 

22 

1.58 

0.298 

4.2 

Wood 

14.29 

75 

0.94 

0.156 

0 

Wood 

19.05 

100 

0.64 

0.088 

-2.0 

Wood 

(c) Configuration 3R 

(NACA 23000 series airfoil 

coned 7 deg) 


4.27 

30 

1.52 

0.310 

0 

Wood 

8.18 

58 

1.52 

0.240 

0 

Wood 

10.57 

75 

1.36 

0.240 

0 

Wood 

12.47 

89 

1.24 

0.240 

0 

Fiberglass 

13.51 

96 

1.17 

0.217 

0 

Fiberglass 

14.10 

100 

0 

0 

0 

Fiberglass 

Semi-circular tips, beveled both sides 

, from 13.51 

m to 14.10 m 


(d) Configuration 4 (NACA 4400 series airfoil coned 9 deg) 

3.07 

10 

3.66 

0.333 

8 

Steel 

23.05 

75 

1.64 

0.165 

0 

Steel 

30.73 

100 

0.86 

0.100 

-3 

Steel 
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TABLE II 

HIND TURBINE ROTOR TEST SERIES AND INSTALLATIONS 


Rotor 

config. 

Test 

series 

no. 

Turbine rotor dats 


Test Installatlor, data 


Shaft 

speed 

rad/s 

Blade 

tip 

speed 

ffl/8 

Swept 

area 

m2 

Wind 

energy 

system 

Rated 

power 

kW 

kocatlon 

Hub 

e1«v. 

m 

Relative 

terrain 

roughness 

1 

1.1 

4.3 

81 

1123 

Nod-OA 

200 

Claytont NN 

1566 

medium 


1.2 

3.3 

63. 

1123 

Mod-OA 

150 

Culebra, PR 

no 

low 

2 

2.1 

4.3 

81 

1123 

Mod-OA 

200 

Kahuku, HI 

137 

low 


2.2 

3.3 

63 

1123 

Nod-OA 

ISO 

Block Is., RI 

44 

high 

3R 

3.1R 

4.3 

60 

615 

Nod-OA 

200 

Clayton, NN 

1566 

medium 

4 

4.1 

3.7 

111 

2894 

Nod-1 

2000 

Boone, NC 

1387 

high 


TABLE III 

SIMNARY OF POWER CONVERSION PERFORNANCE OF 
FOUR OOE/NASA HORIZONTAL-AXIS WIND TURBINES 

Test 

series 

no. 

Test 

period 

hr 

Free-stream wind 
Input measured 
at hub elevation 

Nean output 
power flux 
at generator 

Nean power 
conversion 
efficiency 

Nean 

wind 

speed 

m/s 

Nean 

tip 

speed 

ratio 

Nean 

Input 

power 

flux 

W/m2 

Theory 

[a] 

W/m2 

Test 

W/m2 

Theory 

[a] 

Test 

1.1 

11 

7.7 

10.5 

270 

89 

90 

0.33 

0.33 

2.1 

20 

8.2 

9.9 

381 

112 

111 

0.29 

0.29 

S.IRt**] 

22 

9.2 

6.5 

537 

141 

172 

0.26 

0.32 

4.1 

11 

10.2 

10.9 

584 

238 

250 

0.41 

0.43 

Data set 

64 

8.8 

9.0 

450 

140 

152 

0.31 

0.34 


[al PR0P-L2 computer program, with square-tip loss model 

.bj Semi-circular tips on blades; all other blades have square tips 
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TABLE IV 

DEVIATION OF TEST OUTPUT POWER FLUX FROM THEORY, 
FOR FOUR OOE/NASA HORIZONTAL-AXIS WIND TURBINES 


Tost 

series 

no. 

No. 

of 

samples 

Moan 

dovlotlon 
of samples 

Standard 
deviation 
of samples 

Lower bound on 
moan deviation 
(0.999 conf.) 

W/m? 

% of 
rated 

W/m^ 

* of 
rated 

W/m2 

X of 
rated 

(a) Blades with square tips 






1.1 

68 

1 

0.6 

11 

6.2 

-3 

-1.7 

2.1 

119 

-1 

-0.6 

9 

5.1 

-3 

-1.7 

4.1 

65 

12 

1.7 

39 

5.6 

-3 

-0.4 

Data set 

252 

3 

0.3 

7 

5.5 

-3 

-1.2 

(b) Blades with semi- 

circular tips (theory for square tips) 



3.1R 

131 

31 

9.5 

19 

5.8 

26 

8.0 


TABLE V 

SUMMARY OF BLADE CYCLIC LOAD TE^^T DATA 
FROM SIX DOE/NASA HORIZONTAL -AX IS WIND TURBINES 


Test 

series 

Test 

period 

Mean 

wind 

speed 

Flatwise cyclic 
bending loads [a] 

Chordwise cyclic 
bending loads [a] 


103 

Ref. 

load 

[b] 

Load factor, 
by percentile 

Ref. 

load 

[c] 

Load factor, 
by percentile 


rotor 

revs. 

m/s 

kN-m 

50 99.9 

kN^m 

50 

99.9 

1.1 

102 

9.3 

134 

0.22 0.85 

61.6 

1.10 

1.48 

1.2 

86 

6.1 

118 

0.17 0.53 

61.6 

1.04 

1.36 

2.1 

126 

8.8 

152 

0.24 0.74 

68.9 

1.12 

1.51 

2.2 

77 

6.6 

134 

0.31 0.75 

56.6 

1.15 

1.58 

3.1 

126 

7.1 

108 

0.22 0.67 

70.5 

1.13 

1.39 

4.1 

40 

8.8 

1177 

0.44 0.97 

739. 

1.08 

1.50 

Data set 

557 

7.7 

NA 

0.24 0.73 

NA 

1.11 

1.46 


al O.S (max load - min load) per rotor revolution^ measured at 5% to 10% of span 
b1 jtead> aerodynamic bending moment change from zero power to rated (PROP-L? program) 
c] Gravity bending moment, blade horizontal (measured) 
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(a) Configuration 1 


A ^ « a 



(b) Configuration 2 


“At 28 m. D I A. 



Figure 1. — Planforms of wind turbine blades tested for power 
conversion performance and structural loads. 
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Figure 2. — Typical performance test Installation, showing the Mod-OA 
200 kW wind turbine generator, the anemometer tower, and 
measurement stations at Clayton, New Mexico 
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(a) Output power (air density « 1.05 kg/m^) 



6 8 10 12 
FREE-STREAM WIND SPEED AT HUB ELEV., m/s 


(b) System efficiency 


Figure 3. — Test series 1.1 power conversion performance, compared with 
theoretical performance (Mod-OA aluminum blades at Clayton. 
New Mexico). 
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(a) Output power (air density » 1.21 kg/m ) 
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Figure 4. -- Test series 2.1 power conversion performance, compared with 
theoretical performance (Mod-OA wood blades at Kahuku, 
awa 


ORIQINAU PAQE B 
OF POOR QUAUmf 



350 


300 


250 

r 

200 

it 

150 


100 



H 50 
0 


(a) Output power (air density « 1.05 kg/m^) 



(b) System efficiency 


Figure 5. — Test series 3.1R power conversion performance, compared 
with theoretical performance (Mod-OA wood/fiberglass 
blades with semi-circular tips at Clayton, New Mexico). 
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TEST SERIES LOCATION 

O 3.1 CLAYTON, NM 




(d) Mod-1 steel blades (at 10% span) 


Figure 7 (Concluded). - Probability distributions of blade cyclic 
bending moments, with log-normal curve-fits. 
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